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Abstract 

This paper studies the motion control of single-rod hydraulic 
actuators regulated by proportional directional control(PDC) 
valves with deadband and nonlinear flow gains. The boom 
motion control of a hydraulic robot arm driven by a single- 
rod hydraulic actuator is used as a case study. The experi- 
mental system dynamics are highly nonlinear. In addition, 
the system has large extent of modeling uncertainties such 
as the variation of payload and friction forces. Furthermore, 
the PDC valve used to regulate the control flow rate to the 
hydraulic actuator has a large extent of deadband and a very 
nonlinear flow gain coefficient right out of the deadband re- 
gion. These issues make the precision control of such a sys- 
tem difficult. To deal with these issues, the paper presents 
a discontinuous projection based adaptive robust controller. 
Direct inverse is used to compensate for the effect of the 
valve deadband, and certain straight-line approximations are 
used to model the nonlinear flow gain coefficient of the 
valve. The approximation error of the nonlinear flow map- 
ping is deal with via certain robust feedback. Theoretically, 
the proposed ARC controller guarantees a prescribed output 
tracking transient performance and final tracking accuracy 
while achieving asymptotic output tracking in the presence 
of parametric uncertainties. Comparative experimental re- 
suits are presented to illustrate the proposed control algo- 
rithm and the practical difficulties in controlling such a com- 
plex nonlinear dynamic system. 

1 Introduction 

The dynamics of hydraulic systems are highly nonlinear [1]. 
Aside from the nonlinear nature of hydraulic dynamics, hy- 
draulic servosystems also have large extent of model uncer- 
tainties include the large changes in load and hydraulic pa- 
rameters, the external disturbances, leakages, and friction. 
In the past, much of the work in the control of hydraulic 
systems uses linear control theory [2, 3, 4] and feedback lin- 
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earization techniques [5, 6]. In [7], Alleyne and Hedrick 
applied the nonlinear adaptive control to the force control of 
an active suspension driven by a double-rod cylinder where 
only the parametric uncertainties of the cylinder are consid- 
ered. 

In [8], the adaptive robust control (ARC) approach proposed 
by Yao and Tomizuka in [9, 10] was generalized to provide 
a rigorous theoretical framework for the high performance 
robust motion control of a double-rod hydraulic actuator by 
taking into account both nonlinearities and model uncertain- 
ties of the electro-hydraulic serve-systems. In [i 1, 12], the 
design is extended to the precision motion control of single- 
rod hydraulic actuators regulated by serve valves, which 
have a linear flow gain and no deadband. 

This paper continues the work done in [11, 12] and will ex- 
tend the proposed nonlinear adaptive robust control strategy 
to the motion control of single-rod hydraulic actuator regu- 
lated by PDC valves. Compared to the serve valve studied 
in [I1, 12], the PDC valve considered in this paper has a 
large extent of deadband. In addition, our experimental tests 
show that the flow gain of the PDC valve depends on the 
valve opening and is very nonlinear right out of the dead- 
band region. The nonlinear flow gain invalidates the direct 
applications of the design techniques presented in our early 
work [11, 12] where the flow gain is constant. The paper 
uses a direct inverse to compensate for the effect of the valve 
deadband and certain straight-line approximations to model 
the nonlinear flow gain of the valve for a better approxima- 
tion of inverse flow mapping. Certain robust feedback is then 
employed to attenuate the effect of the approximation error. 
Overall, the resulting ARC controller is able to take into ac- 
count not only the effect of the parametric uncertainties but 
also the effect of uncertain nonlinearities. 

Comparative experiments have been carried out on the mo- 
tion control of the boom linkage of a hydraulic robot arm. 
Comparing with the swing motion control studied in our 
early work [11, 12], the dynamics of the boom motion of the 
hydraulic robot arm is subjected to the effect of the gravity 
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forces. Comparative experimental results will be presented 
to illustrate the proposed nonlinear adaptive robust control 
strategy and the remaining practical issues in the control of 
such a complicated system. 

2 Problem Formulation and Dynamic Models 

Y= 

t t, 
* y, 

Figure 1: A Robot Arm Driven by Single-Rod Hydraulic Cylin- 
ders 

The system under consideration is depicted in Fig. 1, which 
represents a 3 degree-of-freedom(DOF) hydraulic robot arm. 
Let o2x2Y2Z2 and o3x3y3z3 be the local coordinates fixed with 
boom and stick arm respectively. The boom angle q2 and 
stick angle q3 are defined as shown in the figure. 12 and 13 a r e  
the pin-to-pin length for the boom and stick arm respectively, 
xz is the boom cylinder displacement which can be uniquely 
related to q2. Since only boom motion control is considered, 
the other two links are fixed. The goal is to have the boom 
joint displacement q2 track any feasible desired motion tra- 
jectory as closely as possible for precision maneuver of the 
inertia load of the hydraulic cylinder. Using Euler-Lagrange 
equation, the dynamics of the boom motion can be described 

by I (Jc+mLle2)#x+Gc(q2)+mLglg(q2) 
= ~'~(PIAI -P2A2)+T( t , q2 ,q2 )  

(1) 

where Jc = 12 + 2m212Xb + m2122 + 13 + m3(122 + 132 + 
21213c3) + 2m312XstC3 - 2m312YstS3, Gc(q2) = mzgl2c2 + 
m2gxbc2 -- ra2gybs2 + m3g(12c2 +/3c23) + m3g(xstc23 -- y.s23),  
lg(q2) = 12c2 + 13c23, le 2 = 122 + 132 + 21213c3, PI and  P2 are  t he  
pressures of each cylinder chamber respectively, Al and A2 
are the ram areas of the each cylinder's side respectively, 
T(t,q2,q2) represents the lumped disturbance torque includ- 
ing external disturbances and terms like the friction torque, 
xb and yb are the coordinates of the boom arm gravity center 
in 02x2y2z2, xst and yst are the coordinates of stick arm 
gravity center in o3x3y3z 3, 12 is the moment of inertial of 
boom arm with respect to 02z2, 13 is the moment of inertial 
of stick arm with respect to 03z3, and c2, s2, c3, s3, c23, and 
s23 stand for the short hand notations for cos(q2), sin(q2), 
cos(q3), sin(q3), cos(q2 + q3), and sin(q2 + q3) respectively, m2 
is the mass of the boom arm, m3 is the mass of the stick arm, 
and mL is the unknown mass of inertial load mounted at the 
end of stick arm which is simplified to be a point mass. As 
seen in (1), the inertial moment and the gravity force of the 
system contain terms like mL which is unknown. So both 

tThe effect of the boom cylinder is neglected since its mass is quite small 
comparing with the boom and stick arm, the stick cylinder is considered 
fixed with the boom arm. 

inertial moment and gravity force are split into two terms; 
the calculable terms like Jc and Gc(q2), and terms like tulle 2 
and mLgls(q2 ), which contain the unknown payload mL and 
have to be estimated on-line as done later through certain 
parameter adaptation law. 

Assuming no leakage, the cylinder dynamics can be written 
as [1]: 

~.,_~2 P2 = A2.~L _ Q2 = A2~q2C~2 _ (2) 

where Vl(xL) = Vh~ + Atxz and V2(xL) = Vh2 --A2XL are the to- 
tal control volumes of the two chambers respectively, Vh] 
and Vh2 are the forward and return chamber volumes when 
XL = 0, I~e is the effective bulk modulus. Q1 and Q2 are the 
supplied and return flow to the cylinder respectively. Define 
g3(P],sign(xv)) and g4(P2,sign(xv)) as: 

t x / ~ ~  for xv>O g3(Pl,sign(xv)) = ~ / ~  = x / ~ - P r  xv < 0 

- P r  for xv>0  (3) 
g4(P2,sign(xv)) = x / ~  = ~ xv < 0 

where Ps is the supply pressure, Pr is the tank pressure. If 
a servovalve is used as in our early work [11, 12], a good 
model for the flow mappings Q1 (x~, v / ~  ") and Q2(xv, v r ~ )  
would be [1], 

Qi = kqlg3(Phsign(xv))xv, Q2 = kq2g4(P2,sign(xv))xv (4) 

where kqt and kq2 are the constant flow gain coefficients for 
the forward and return loop respectively. However, in this 
paper, a proportional directional control valve is used, which 
has a quite large deadband due to the close centered valve 
configuration. Furthermore, the actual experimental test re- 
sults reveal the nonlinear flow gain mappings as shown in 
Fig.2 for Q]. As seen, aside from the valve deadband issue, 
the equivalent flow gain kql ( xnav ) = QI / (g3 (P1, sign(Xnav ) )Xnav) 
and kq2(Xna~ ) = Qz/(g4(P2,sign(xnav))Xnav) depend on the net 
actual valve opening Xnav and the flow gains are very nonlin- 
ear right out of the deadband region. The net actual valve 
opening xnav is defined as 

xv-xpad for x v > x m a  
Xna~ = 0 --Xnad _< Xv < Xpad (5) 

Xv -t- Xnad Xv < --Xnad 
where Xnad and Xmd are the actual deadbands for the positive 
and negative spool displacement respectively. 

1 .5  .[~l lhDot:MeE'~od 2 • : • i . . . . . . . .  ~ '  , 
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Figure 2: OJ g3(Pi,sign(Xv)) VS X v 

The appearance of  the deadband and nonlinear flow gains 
makes the control development difficult due to the following 
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practical limitations. Firstly, it may be time-consuming and 
hard to obtain the exact actual flow gain mappings shown in 
Fig.2. Secondly, it may be quite difficult to use the actual 
flow gain mappings shown in Fig.2 in real time implemen- 
tation. To overcome these practical limitations, certain ap- 
proximation strategy is needed. Specifically, Q1 and Q2 will 
be split into two terms as: 

Q1 (xv,AP1) = Q1M(xv,API) + QI (Xv,APi) 
Q2(Xv,AP2) = Q2M(Xv,AP2) + QZ(Xv,AP2) (6) 

where QiM and Q ~  represent certain simplified flow map- 
ping functions that will be used in the controller design, and 
t21 and ~2 represent the modeling errors of the flow map- 
pings. The effect of Ql and Q2 will be deal with via certain 
robust feedback in the subsequent development. 

For simplicity, in this paper, as shown in Fig.2, straight- 
line approximations will be used to model the nonlinear flow 
gains, i.e., QiM and Q2M are of the form 

QIM = kqlg3( ei ,sien(xnv ) )Xnv (7) 
Q2u = kq2s4(P2, sien(x~) )x~ 

where kql and kq2 are constants for a certain segment of the 
valve opening, and Xnv is the net spool displacement after 
removing the modeled deadband, which is defined by: 

Xv--xpd for Xv_>Xpd 
Xra = 0 --xnd _< xv < x ~  (8) 

Xv + xnd Xv < --Xnd 

where xna and x#  are the modeled deadbands for the positive 
and negative spool displacement respectively. To illustrate 
the robustness of the proposed ARC controller to the flow 
mapping modeling errors, two set of simplified flow map- 
ping functions Qlu and Q2M will be tested as shown in Fig.2 
and Fig.3; Method I uses two straight lines to approximate 
the flow mapping outside the deadband region while Method 
2 uses one. As seen, both methods have the same approxima- 
tion accuracy when spool displacement is large but Method 
1 does a better job when the spool displacement is right out 
of the deadband region. 

Given the desired motion trajectory q2Ld(t ), the objective is 
to synthesize a control input u = xv such that the output y = q2 
tracks qzta (t ) as closely as possible in spite o f  various model 
uncertainties. 

3 Adaptive Robust Controller Design 

III.1 Design Model  and  Issues to be Addressed 
In this paper, we consider the parametric uncertainties due to 
the unknown payload mL, the bulk modulus 13e, the nominal 
value of the lumped disturbance T, Tn. Define the unknown 

1 0 2  = Z , parameter set 0 = [01,02,03] r as 0t = t + ~ '  77~/7 
03 = 13~. The system dynamics equation can thus be linearly 
parametrized in terms of 0 as 

*2 = ~ [~ (P IAI -P2A2) -Gc(q2 ) ]+  ~ g l g - ~ g l g  
+02 +~(t,q2,42) ' ~ = T(t,qz,¢2)-Tn 

J~+md~ (9) 
lbl = ~(--AI~2t~2+QIM+OI ) 
P2=03 A i~x • ~ v~( 2~q2-Q2~-Q2) 

It is assumed that parametric uncertainties and uncertain 
nonlinearities satisfy 4.131 

0 ~ ~o & {0: 0,n~ < 0 < 0,,~, }, I~l _< Sr f10) 
[01 (Xv,APl)[ _< ~Qi (APl), 102(Xv,Ae2)] _< ~Q2(AP2) 

where Omen= [Olmin,... ,03rain] r,  0max= [01max,- • • ,03max] r and 8r, 
8Qi,SQ2 are known. Physically, 01 > 0 and 03 > 0. So it is 
assumed that 01rain > 0 and 03min > O. 

As seen in (9), the main difficulties in controlling (9) are: 
(i)the system dynamics are highly nonliner, either due to 
the dependence of the effective driving torque on boom an- 
gle(terrns like ~ )  or the nonlinearities in the flowrate equa- 
tions; (ii)the system has large extent of parametric uncertain- 
ties like large variation of inertial load mz, the change of bulk 
modulus, etc; (ill)the system may also have large extent of 
lumped disturbance including external disturbance, unmod- 
eled friction force; (iv) the PDC valve has severe deadband 
problem, and the flow gain is not linear as discussed in sec- 
tion II. In addition, modeling errors 01 and 02 exist when us- 
ing straight-line approximation to model the flow gain coeffi- 
cient; (v)the model uncertainties are mismatched. To address 
the challenges mentioned above, following strategies will be 
adopted in the controller design. Firstly, the nonlinear phys- 
ical model based analysis and synthesis will be employed to 
deal with the nonlinear nature of the system dynamics. Sec- 
ondly, ARC approach will be used to handle both parametric 
uncertainties and uncertain nonlinearities. Thirdly, the di- 
rect inverse is used to compensate for the deadband effect, 
and the flow mapping modeling error will be dealt with via 
certain robust feedback. Finally, the backstepping design via 
ARC Lyapunov function is used to overcome the design dif- 
ficulties caused by mismatched model uncertainties. 

Let 66 denote the estimate of 0 and ~ the estimation error (i.e., 
= § - 0). The following adaptation law structure will be 

sought ~ = Projt(F,t ) (11) 

where I" > 0 is a diagonal matrix and x is an adaptation func- 
tion to be synthesized later, and Projo(* ) is the widely used 
discontinuous projection mapping [ 13]. For simplicity, let #2 
represent the calculable part of #2, which is given by 

= Z[~(PIAI  - P2A2) - Gc] 

III,2 A R C  Controller Design 

The design parallels the recursive backstepping design pro- 
cedure via ARC Lyapunov functions in [10]. 

Step 1 
Define PL = PIAl - P2A2. PL can be treated as the input to the 
first equation of (9). Thus, the goal of this step is to syn- 
thesize a virtual control law P/Ld for Pt. such that the output 
tracking error zl = q2 - qza converges to zero with guaran- 
teed transient performance and final tracking accuracy. The 
resulting control law PLa and adaptation function x2 are given 
by 

PLd(q2,ti2,0h ~2,t) = PLda + PLds, ~2 = 02Z2 

PLds = PLdsl + PLds2 
1 e/.dsl = - ~ x ~ ( k 2 s l + k 2 ) z 2 ,  k 2 > 0  

(13) 



where k2sl is a control gain to be synthesized later, Ptas2 is 
any function satisfying the following conditions 

condit ion i z2[~Ol  ~l~ PLds2 -- oT f~2 ÷ ~] _< e2 
04) 

condition ii z2~PLds2 _< O, e2 > 0 

where 'hr = q~ - t lzt ,  #2~ = #~ - kilt, z2 = q2 - q~ and ~z = 
1 ax T [ ( i%,o - Oc) + 1,o] 

Step 2 
Let z3 = PL- PLd denote the input discrepancy, in this step, an 
actual control law will be synthesized so that z3 converges to 
zero or small values. From (9) 

A2 e, _p,., = 03i_(~. + A ~ ax Z3 

(15) 
where PLdc = ~ t # 2  + ~ 2  + ~ and PLdu : 

~ l ' I ~XL pL 

P~c is the calculable part of P~, and IS~u is the incalculable 
part that has to be dealt with via certain robust feedback. 

Define the load flow function and load flow modeling error 
as Qc = ~Q~M + ~Q2M and Qz = ~Q~ + ~2. From (15), 
Qz can be thought as the virtual control input and step 2 is to 
synthesize a control function Q~ for Qz such that Pz tracks 
the desired control function P~ synthesized in Step I. The 
resulting control function Q~ and adaptation function x3 are 
given by 

QLd(q2,q2,P,,P2,0,t)=QILda÷QILd$, X3 = ~2 ÷~3Z3 

QLda ~-~ (16) = - ~ Q/de 
QLds = QLdsi ÷ QLds2 
Qu~ = - ~ : ( t ~  +ka~)za, ka > 0 

where k3s~ is a control gain function to be synthesized later, 
and Qcd~2 is a robust control function satisfying following 
conditions 

condit ion i z3[O3Ql.,da2÷O3OL--OTt~3--~ ~] _<£3 
condit ion ii z3QLds2 <_ O, e3 > 0 

(17) 
A~, ax, • where QLde = ~ Z 2 ~ !  -- 03(~ + l ~ ) ~ q 2  -- PLdc and 

~-~[r~(~ i -  c(q2))+ '- i~ ~ ~ e~ # , , - - ,~ , - (~ ,  + 
A 2 ~x • T ~ ) ~ q 2 + ~ a ]  

Once the control function QLd for QL is synthesized as given 
in (16), the actual control input u can be backed out from 
the continuous one-to-one nonlinear flow mapping. Noting 
that g3,g4,Vi ,V2 are all positive, Xnvd has the same sign as Qzd. 
Thus, the desired net spool displacement Xnvd during each 
straight line approximation segment can be solved from the 
following analytical formula: 

Qu( q2,~12,P, ,l~,O,t ) 
Xnvd = ~k~,g3(P,,sign(Qza))+~k~2g4(Pz,sign(Qta)) (18) 

where kqt and kq2 are the constant flow gain coefficients for 
the segment. The control input u can be obtained from (8), 
i.e. u = x,~,d + Xpd when Xnvd _> 0, u = 0 when Xnvd = 0 and 
u = Xn~d -- Xnd when Xnvd < 0 .  

Theorem I Let  the parameter estimates be updated by the 
adaptation law (11) in which ~ is chosen as x = ~3. I f  
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control gain functions k~l and k3sl are chosen such that 
k2~, _> ½11rOll 2 and k3sl _> 11~112+ ½11r+3112. Then the fol- 

lowing results hold i f  the control law (18) with the adapta- 
tion law (11) is applied: 

A.  In general, the tracking errors z = [zl,z2,z3] r are 
bounded. Furthermore, V3 = (z~ +z+)/2, an index for  
the bound o f  the tracking error ~ is bound above by 
Va(t) < ~[1 - e x p ( - k v t  )], where ev = El ÷ E  2 and ~v = 
2min{k2, k3}. The output tracking error ey = q2 - qZLd(t ) 
is guaranteed to have any prescribed transient perfor- 
mance by increasing k and/or decreasing 

B. I f  after a finite time to, ~ = O, i.e., in the presence o f  
parametric uncertainties only, in addition to results in 
A, asymptotic output tracking is also obtained for  any 
gains k and e. A 

Proof: Can be obtained from the authors 

4 Comparative Experiments 

IV.I Controller Simplb~cations 

A simplification is made to the selection of the specific ro- 
bust control term etas in (13) and QLds in (16). Let k~ and 
k3~ be any nonlinear feedback gains satisfying 

~P~ 2 1 2 1 2 2 k3~_> ~ [ / a + l l ~ l l  +211r~311 + ~ ( 0 a , ~ e L  (19) 

+[10MII211~3 [I 2 ÷ I[ ~ 11~2r)] 

in which 0u = 0max - 0rain, 5T is defined in (10), and 5QL = 
~SQl + ~5Q2. Then, using similar arguments as in [10], one 
can show that the robust control function of PLds = -k2sz2 
satisfies (13) and (14), and QLd~ = -k3 :3  satisfies (16) and 
(17). Knowing the above theoretical results, a pragmatic ap- 
proach is to simply choose k~ and k3~ large enough without 
worrying about the specific values of k2,k3,e2 and e3. By 
doing so, (19) will be satisfied for certain sets of  values of 
k2,k3,e2 and e3, at least locally around the desired trajectory 
to be tracked. This approach is used in the paper since it not 
only reduces the on-line computation time significantly, but 
also facilitates the gain tuning process in implementation. 

IV.2 Comparative Exper imental  Results 

The experiment setup is described in [11, 12]. The parame- 
ters of the arm are m2 = 24.94kg, m3 = 19.68kg, 12 = 12.05kgm 2, 
13 = 6.31kgm 2, 12 = 0.99m, 13 = 0.80m, Zb = -0.52m, Yb = 0.05m, 
xst = --0.41m, and Yst = 0m. Flow mappings are shown in the 
Fig. 2 and Fig. 3. Dynamic test is performed on the PDC 
valve and the valve bandwidth is only around 8Hz. 

Three controllers are tested for comparison: 

ARC1 : The controller proposed in this paper and described 
in previous sections with the simplification in IV.1. 
Two straight line segments are used to approximate 
the nonlinear flow mapping outside the deadband re- 
gion as shown in Fig.2. For simplicity, in the exper- 
iments, only two parameters, 01, and 02, are adapted. 
The control gains used are kt = kz~ = k3s = 22. Adapta- 
tion rates are set at F = diag{ 1 x 10 -1°, 1 x 10-6}. 



ARC2 : All the controller parameters are the same as above 
except that ARC2 uses one straight line approxima- 
tion. 

Motion Controller : Parker's PMC6270ANI 2-axis motion 
controller. Controller gains are obtained by strictly 
following the gain tuning process stated in the "Servo 
Tuner User Guide" coming with the motion controller 
[14]. The toned gains are SGP = 13,SG! = O.05,SGV = 
O.I,SGVF = 3,SGAF = 0.02, which represent the P- 
gain, I-gain, D-gain, the gain for velocity feedforward 
compensation, the gain for acceleration feedforward 
compensation respectively. 

The three controllers are tested for a point-to-point cylin- 
der displacement motion trajectory shown in Fig.3, which 
has a maximum velocity of  vm,~ = 0.25m/sec and a maxi- 
mum acceleration of amax = lm/sec 2. The tracking errors are 
shown in Fig.4. As seen, both ARC1 and ARC2 have the 
same level of tracking accuracy when the system is moving 
in high speed. This is due to the fact that both controllers 
have the same flow gain approximation accuracy when the 
valve opening is large. Since ARCI has a better approxima- 
tion accuracy when the net valve opening is small, it is un- 
surprising to see that ARC 1 achieves a better final tracking 
performance when the system comes to the stop. It is also 
noted that the proposed ARC1 achieves a better performance 
than the Motion Controller in terms of both the transient and 
final tracking errors. 

5 Conclusions 

A discontinuous projection based ARC controller is con- 
structed for the boom motion of hydraulic robot arm reg- 
ulated by a PDC valve with deadband and nonlinear flow 
gains. Straight-line segments are used to approximate the 
nonlinear flow gain, and certain robust feedback is used to 
attenuate the effect of flow mapping approximation error. 
Direct inverse is used to compensate for the valve deadband. 
Experimental results are provided to illustrate the proposed 
algorithm. 
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Figure 3: point to point motion trajectory 
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Figure 4: Tracking Errors in point to point motion without load 
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